Countries with a Consider able number of photovoltaic (PV) installations are facing the challenge of overloading their power grid during peak power production hours if the power infrastructure remains the same. to address this, regulations have been imposed on PV systems to ensure that more active and flexible power control is performed. as an advanced control strategy, absolute active power control (aaPC) can effectively solve overloading issues by limiting the maximum possible PV power to a certain level (i.e., the power limitation) and can also benefit the inverter reliability because of the reduced thermal loading of the power devices. however, its feasibility is challenged by the associated energy losses. an increase in the inverter lifetime and a reduction of the energy yield can alter the cost of energy, demanding an optimization of the power limitation. therefore, aiming at minimizing the levelized cost of energy (lCoe), this article discusses how to optimize the power limit for the aaPC strategy.
Countries with a Consider able number of photovoltaic (PV) installations are facing the challenge of overloading their power grid during peak power production hours if the power infrastructure remains the same. to address this, regulations have been imposed on PV systems to ensure that more active and flexible power control is performed. as an advanced control strategy, absolute active power control (aaPC) can effectively solve overloading issues by limiting the maximum possible PV power to a certain level (i.e., the power limitation) and can also benefit the inverter reliability because of the reduced thermal loading of the power devices. however, its feasibility is challenged by the associated energy losses. an increase in the inverter lifetime and a reduction of the energy yield can alter the cost of energy, demanding an optimization of the power limitation. therefore, aiming at minimizing the levelized cost of energy (lCoe), this article discusses how to optimize the power limit for the aaPC strategy.
the optimization method is demonstrated on a 3-kw, single-phase PV system with a real-field mission profile (i.e., solar irradiance and ambient temperature). the optimization results reveal that enabling the aaPC strategy provides superior performance in terms of lCoe and energy production compared to the conventional PV inverter operating only in the maximum power point tracking (mPPt) mode. in the presented case study, the minimum of the lCoe is achieved for the PV system when the power limit is optimized to a certain level of the designed maximum feed-in power (i.e., 3 kw). in addition, the lCoe-based analysis method can be used in the design of PV inverters considering long-term mission profiles.
Studies to Date
solar PV installations are still growing at a spectacular rate worldwide [1] . thus, challenging issues occasionally appear, such as overloading of the distributed grid due to the peak power generation of PV systems [2] - [4] . in the case of the large-scale adoption of PV systems, advanced control strategies, e.g., power-ramp control and absolute power control, which are currently required for wind power systems in different countries, have been used to strengthen PV systems [3] - [12] . in the danish grid code [7] , a constant power generation (CPG) control concept for PV systems by limiting the maximum feed-in power was proposed to solve the overloading issues in peak power production periods [6] .
other methods have also been developed in the literature. however, either increased total cost or control complexity has been observed in prior solutions. for instance, expanding the grid capacity (i.e., grid reinforcement) will incur an additional investment, and integrating energy storage systems to handle the peak power not only increases the control complexity but also lowers the entire system reliability [13] - [15] . in contrast, the aaPC scheme requires only minor software modifications when implemented, as it is a feasible and cost-effective strategy [12] , [14] - [19] . this explains why such power control is receiving attention in some countries, such as Germany, denmark, and Japan [7] , [9], [11] .
in addition, aaPC feasibility in grid-connected PV applications has been investigated in [6] and [14] in terms of a rough estimation of the energy losses and the PV inverter lifetime, respectively, where the aaPC scheme is also referred to as a CPG control. the scheme, having a reasonable power limitation (e.g., 80%), does not annually result in a substantial energy yield reduction [3] , [6] . as a consequence of applying the aaPC strategy, a reduction of the thermal stresses on the power devices, e.g., insulated-gate bipolar transistors, has been achieved because the power losses inducing temperature rises will be changed when the PV system enters into the aaPC mode from the mPPt mode, and vice versa. therefore, a hybrid control method (mPPt-aaPC) will also contribute to improved reliability and extend the lifetime of the PV system beyond resolving the overloading issues [6] , [14] .
notably, both the energy production and the system lifetime are the main indicators of the lCoe, which has become the key to increasing the competitiveness of PV systems compared with other renewables [20] - [22] . many efforts have been devoted to the design and control of PV systems, with a common goal of reducing the cost of energy (i.e., producing a lower lCoe) [23] - [25] . for instance, a circuit-level design of a PV inverter that considers the failure rate of the circuit devices (calculated according to [26] ) was presented in [22] . furthermore, methods such as adopting highly efficient transformerless PV inverters and reliability-oriented designs have been seen in recent applications [22] - [24] , [27] - [32] . transformerless PV inverters can somehow increase energy production because of their high efficiency [28] , [32] , [33] . however, the mPPt-aaPC operational mode goes against the objective of maximizing the energy production of PV systems, although the capped energy is quite limited throughout the year [3] , [6] . the improved reliability (i.e., the extended service time) of PV systems can compensate for such a loss to some extent, as long as the power limit is appropriately designed.
in that regard, this article serves to find the optimal power limitation level for the mPPt-aaPC scheme with a target of minimizing the lCoe considering long-term mission profiles (i.e., solar irradiance and am bient temperature).
Absolute Active Power Control
The Hybrid Power Control Method figure 1 shows the configuration of a single-phase, double-stage, grid-connected PV system with the hybrid power control and a general control structure of the boost converter stage. although there are several aaPC possibilities to achieve a CPG when the available PV power ppv exceeds the power limit , P limit modifying the mPPt control has been adopted from the viewpoint of simplicity and cost-effectiveness [19] , [34] . figure 1 shows that the aaPC scheme is implemented in the control of the boost converter. as mentioned previously, the PV inverter can be transformerless to maintain a high efficiency, and thus a full-bridge inverter topology with a bipolar modulation scheme is adopted in figure 1 . when considering the quality of the injected grid current , ig an inductor-capacitor-inductor (lCl) filter has been employed as the intermediate component between the full-bridge PV inverter and the grid.
with respect to the aaPC scheme in this article, the operating principle of a PV system with a hybrid control scheme (mPPt-aaPC) can be described as follows. when the available PV output power ppv exceeds the power limitation , P limit the system should go into the aaPC mode. in that case, the PV output reference voltage v * pv is continuously perturbed toward certain points (e.g., points a and b in figure 2 ) at which a CPG operation of the PV panels is achieved. once , P ppv
the PV system operates in the mPPt mode with a peak power injection to the grid from the PV panels (i.e., the energy harvesting is maximized). this can be further described as
where v D is the perturbation step size to achieve an aaPC operation, ppv is the PV instantaneous (available) power, Ppv is output power of the PV panels, and vmpp and Pmpp are the PV voltage and power, respectively, at the mPP. in both operational modes, a proportional integrator (Pi) controller is employed to regulate the PV output voltage vpv through controlling the boost converter, as shown in figure 1. figure 3 demonstrates the performance of a 3-kw single-phase double-stage PV system with the mPPt-aaPC scheme under a trapezoidal solar irradiance profile. the figure shows that the adopted control scheme [as illustrated in figure 1(b) and (1)] can effectively achieve the constant power production of the PV system as well as smooth and stable operation mode transients, in contrast to the prior-art solutions [6] , [16] - [18] . in this case, the PV system is operating in the region of low / dP dv pv pv according to the power-voltage characteristic of PV panels, as demonstrated in figure 2 . the operating point in the aaPC mode of figure 3 was controlled at the left side of the mPP (i.e., point a in figure 2) . however, it can also operate at the right side of the mPP (i.e., point b in figure 2 ) at the cost of increased power losses (because of power variations) due to the high / dP dv pv pv in that region [6] . moreover, the PV system may become unstable in that case [34] . hence, in this article, the aaPC operating point is regulated at the left side of the mPP, which is also enabled by the doublestage configuration [i.e., figure 1(a)].
Mission Profile Translation
a mission profile is normally referred to as a simplified representation of relevant conditions under which the considered system is operating [35] - [37] . for grid-connected PV systems, the mission profile includes the solar irradiance and the ambient temperature of certain locations where the PV systems are installed, and it can be taken as a reflection of the intermittent nature of the solar PV PV Panels°C energy. thus, the mission profile becomes an essential part of the PV-inverter reliability analysis. specifically, to perform the reliability analysis of the PV inverter, the mission profile inevitably must be translated to the power losses and then the thermal loading in a long-term operation (e.g., a yearly operational profile) [31] , [32] , [35] , [38] , [39] . if not appropriately handled, the analysis can be very time consuming because of the large amount of data. accordingly, a time-efficient and cost-effective mission profile translation method is introduced. figure 4 illustrates details of the mission profile translation approach, with which the power losses and thermal loading of the power devices under any given mission profile can be obtained. a number of cases under constant environmental conditions (e.g., an ambient temperature of 25 °C and a solar irradiance level of , W/m ) 1 000 2 were first translated according to figure 4(a)
to build up the lookup-table-based loss and thermal models. subsequently, a long-term mission profile, even with a high sampling rate, can be directly translated to the total power losses (and also energy production) and the thermal loading of the power devices, which are then used for lCoe analysis.
The LCOE of PV Inverters
the PV inverter lCoe (€/wh) is a function of the PV inverter power rating Pr [20] , [27] . it can be expressed as
in which ( ) Cinv $ (€) is the present total cost of the PV inverter during its lifetime and ( ) Ey $ (wh) is the total energy injected into the grid by the PV inverter over its life span. where the PV inverter operates in the aaPC mode, its nominal power rating is constrained to , P P it lim r = as discussed in the section "the hybrid Power Control method." in the mPPt mode, it holds that , P Pn r = with Pn being the inverter nominal power designed at standard test conditions (stC), i.e., a solar irradiance of 1 kw/m , 2 a solar cell temperature of 25 °C, and an air mass of 1.5. thus, in the mPPt mode, the input power of the inverter is curtailed at Pn (i.e., the PV inverter is normally undersized [40] , [41] ), while in the aaPC mode, the power limit for curtailment is P it lim (i.e., to maintain a constant power production). in (2), the present total cost of the PV inverter depends on the corresponding manufacturing and maintenance costs [27] :
where (a) for short-term mission profiles and (b) for long-term mission profiles. cost of the PV inverter through its lifetime. furthermore, the PV inverter manufacturing cost is proportional to Pr:
with cm being the proportionality factor (€/kw) and C0 the initial cost, which is considered zero in this article since it is much lower than the total cost of the PV inverter. as a consequence, in the aaPC mode, the PV inverter cost is proportional to the preset power limit , P it lim while in the mPPt mode, the inverter cost is proportional to the nominal power rating Pn that is designed at stC. the total maintenance cost ( ) Mc $ depends on the PV inverter reliability features, which, in turn, depend on the power rating of the PV inverter. in the proposed methodology, the lifetime in years of the PV inverter power devices is initially calculated. it is assumed that each time the PV inverter power devices' end of life is reached, maintenance on the PV inverter will be performed, imposing the corresponding maintenance cost. therefore, the present value of the total maintenance cost of the PV inverter ( ) M Pr c is calculated by reducing the (future) expenses occurring at the end of the power devices' lifetime for repairing the PV inverter to the corresponding present value, as follows:
in which n is the PV system's operational lifetime (e.g., 30 years), Rc (€/kw) is the present value of the PV inverter repair cost per kilowatts of the power rating, g (%) is the annual inflation rate, d (%) is the annual discount rate, and (·) LFj is the inverter lifetime, with . j n 1 # # if the lifetime of the power devices expires at the j th year of operation, ( ) ; LF P 1 j n = otherwise, ( ) . LF P 0 j n = notably, the repair cost Rc in (5) consists of both the purchase cost of the failed power devices and the potential labor and transportation expenses for repairing/replacing the PV inverter. the previous discussion, in the section "the hybrid Power Control method," confirms that the aaPC control method will affect the lCoe (i.e., the cost of the PV energy).
the following demonstrates how to calculate the lCoe of only the PV inverter [as shown in (2)], considering the long-term mission profile effect on the inverter lifetime, where the grid fundamental-frequency thermal cycles are not considered at this stage. however, the PV panel cost also accounts for a major share of the total cost of the entire grid-connected PV system [20] , [27] , including other components such as capacitors and printed circuit boards for implementing the control algorithms. this becomes the main limitation of the presented lCoe optimization method, and it will affect the design results. nevertheless, the lCoe analysis approach and the optimization of the aaPC control power limitation can be of much value in assessing and designing multiple PV systems.
Minimized LCOE (Case Study Results)
System Description the lCoe analysis approach has been applied for the optimal design of a PV inverter with a nominal power of P 3 n = kw and aaPC capability. the PV system lifetime has been set to n 30 = years, while the economic performance of the PV inverter in the aaPC and mPPt modes has been investigated by applying the following values in (2)- (5):
= a mission profile shown in figure 5 , with a sampling rate of 1 sample/min, has been used. the bP 365 PV panel [42] is adopted in the case studies. the parameters of the PV panel are given in table 1. three PV strings are connected in parallel to the boost converter, and each string consists of 15 PV panels in series. thus, the rated maximum power Pmax is approximately 3 kw. the other system parameters are given in table 2. studies are then conducted according to figures 1 and 4. the effectiveness of the mission profile translation approach (figure 4) is demonstrated by the resultant thermal loading profiles presented in figure 6 , which indicates that the junction temperature is reduced by the aaPC scheme. hence, the PV inverter lifetime may be improved. 
LCOE Analysis
the power losses can be obtained with the mission profile translation approach. Consequently, the energy yield can be calculated under different power limits , P limit as illustrated in figure 7. in these simulations, the energy production has been normalized to the corresponding energy production in the mPPt mode. due to the limitation of feed-in power in the aaPC mode, the resultant energy production shown in figure 7 is lower than that in the mPPt mode for % P 0 110 it lim = -of the rated power . Pn however, when P it lim is higher than 120%, the energy production in the aaPC mode is higher than that produced only in the mPPt mode, where the input power of the inverter is curtailed at the designed power rating , Pn as shown in figure 7 . this is because the PV panel rating has been selected to be 3 kw at stC. since the mission profile shown in figure 5 has some periods where the solar irradiance level is higher than , W/m , 1 000 2 the power production during those periods is higher than the designed , Pn which is considered to be the power limitation in the mPPt mode (i.e., the PV system is actually operating in the aaPC mode with a power limit of P P it lim n = ). thus, during those time intervals, the excess energy is lost when operating even in the mPPt mode.
lifetime estimation is not a direct outcome of the mission profile-based analysis approach, which gives only the thermal loading profile for qualitative analysis. to calculate the lifetime (and then the lCoe), the thermal loading has to be interpreted properly according to specific lifetime models-i.e., the information (e.g., temperature cycle amplitude and mean junction temperature) in the random loading profile should be extracted by means of a counting algorithm such as a rain-flow counting process [43]- [45] . figure 8 illustrates the work flow of counting the thermal loading profiles (e.g., the loading profiles in figure 6 ). then, using the extracted information, the lifetime of the power devices can be estimated according to the lifetime model [46] . subsequently, the lifetime of the PV inverter, when operating in the aaPC mode for various values of the power limitation , P it lim is presented in figure 9 . the figure shows that, for %, P 0 100 it lim = -the PV inverter lifetime is higher than the operational lifetime of the PV system, thus guaranteeing that no failure of the power devices will occur during that period. the corresponding present value of the Figure 5 , which has been normalized to the corresponding energy production only in the MPPT mode for various values of the power limit Plimit.
lifetime maintenance cost in the aaPC mode for various values of the power limitation P it lim is shown in figure 10 . figure 9 also shows that, when the power limit P it lim reaches the range of 100-150% of the rated power, the PV inverter lifetime in the aaPC mode is progressively reduced to approximately 21 years, corres ponding to one repair of the PV inverter during the PV system lifetime, and the maintenance cost is increased according to (5) , as shown in figure 10 . in contrast, according to figures 7 and 9, the PV inverter lifetime with the same or higher energy production is approximately 21 years, resulting in one inverter repair during the lifetime of the PV system, which corresponds to Mc = €326.4.
the total cost of the PV inverter operating in the mPPtaaPC mode, including the manufacturing and maintenance expenses, according to (3) , is plotted in figure 11 . for values of the power limit P it lim in the range of 0-100% of the rated power, the maintenance cost is zero, as shown in figure 10 . hence, the total cost depends only on the inverter construction cost, which is proportional to the power limit P it lim , according to (4) . however, when P it lim > 100%, the total cost in the mPPt-aaPC mode is affected by both construction and maintenance expenses, as indicated in figure 11 . in the operating mode of maximum power production, the total cost of the inverter is equal to Cinv = €926.4. although the lifetime energy production is higher in that case, as analyzed previously, the PV inverter cost is also higher in this operating mode when P 100 it lim 2 % of , Pn as shown in figure 11 . moreover, the lCoes of a 3-kw PV inverter in the mPPt-aaPC and mPPt modes, respectively, have been calculated using (2) for various values of the power limit P it lim to find the optimal power limitation under the mission profile shown in figure 5 . the results are presented in figure 12 , which shows that the lCoe value in the mPPt-aaPC mode is always less than that in the only-mPPt mode (i.e., the conventional operational mode at unity power factor) but also that the energy production is less in the case of mPPt-aaPC operation, as discussed previously.
as a consequence, in practical applications, to achieve a total energy generation equal to or higher than that in the mPPt mode, multiple identical PV inverters would be reasonably considered a requirement to operate in parallel in the mPPt-aaPC mode, each of them having a feedin power limitation of P it lim . in this case, the total number of inverters is given by 
with LCOE · MPPT AAPC -^h being the lCoe of a single PV inverter operating in the mPPt-aaPC mode [see (2) ]. following this, the total energy production when employing ( ) Ninv $ inverters in the mPPt-aaPC mode operating in parallel is given by
where E · , MPPT AAPC y -^h is the energy production of each PV inverter. subsequently, the values of LCOE P it lim e^h and E P , MPPT AAPC it lim t -^h in (7) and (8) are depicted in figure 13 . the LCOE , n e $ h function exhibits an overall minimum at %, P 30 it lim = which is equal to 67%, indicating that the lCoe has been minimized. in that case, by employing two identical PV inverters with a feed-in limit of % P 30 it lim = of the rated power for each, the result will be a reduction of the total PV inverter lCoe by 33% compared to using a single inverter unit operating only in the mPPt mode, as shown in figure 13(b) . moreover, the total energy generated is simultaneously increased by 16%, as shown in figure 13(c) . in addition, the same process with cm = 300 €/kw and Rc = 80 €/kw is applied to the PV inverter under the same mission profile, and it also contributes to the minimum of LCOE , n e $ h at %. P 30 it lim = in such a case, where two inverters operating in parallel are employed with %, P 30 it lim = the lCoe in the mPPt-aaPC mode is lowered by approximately 10%, and the total energy production is increased by 16% compared to the corresponding values obtained by a single PV inverter operating only in the mPPt mode.
however, as mentioned in the "absolute active Power Control" section, this article only calculates the lCoe for the PV inverters when the mission profile-induced thermal cycles are considered. when the line-frequency thermal cycles are taken into account, the lifetime will be affected [14] , [47] . at the same time, the lCoe in the mPPt-aaPC mode may be higher than that in the mPPt mode if the cost of PV panels is counted, according to (3) . in that case, it is still possible to derive the optimal PV system configurations by mixing a low-power PV inverter with a higher power one, both operating in the mPPt-aaPC mode, according to the presented optimization method. similar objectives (with minimized lCoe and maximized energy production) can then be reached.
alternatively, in practice, the PV panels are already available in a predesigned system (e.g., 3 kw), and, according to the optimization analysis presented in this article (i.e., figure 13 ), it is better to split the PV panels into two arrays and install two inverters of 1 kw each (i.e., approximately 30% of the predesigned 3-kw system) operating in the mPPt-aaPC mode. in such a case, although the cost of the PV modules is not considered in the analysis Figure 5 , where only the PV inverter is considered.
here (they should be paid for by both the 3-kw system in the mPPt mode and the two 1-kw systems in the mPPtaaPC mode), the investigation in this article is valid in terms of minimizing lCoe while maintaining a higher energy production.
Conclusions
the lCoe of PV inverters with an aaPC scheme has been calculated and analyzed in this article within the context of a long-term, real-field mission profile. the analysis has revealed that the hybrid power control (i.e., a mixture of the mPPt and aaPC operational modes, mPPt-aaPC) can contribute to an improved lifetime of the power devices because of the reduced thermal loading. however, a reduction of energy production is associated with this reliability benefit. this article demonstrates that, by optimizing the power limit imposed on multiple PV inverters operating in the hybrid mPPt-aaPC mode, a minimized lCoe can be obtained. simultaneously, an increase of the PV-generated energy is achieved compared to the use of a single PV inverter operating in only the mPPt mode. most importantly, the presented optimization method and the lCoe analysis can be an effective design tool for PV system planning (e.g., with a cluster of PV inverters) when the mission profile (both long-term and line-frequency thermal cycles) and the PV panel cost are also considered. specifically, by applying the last part of the optimization design in this article (i.e., related to figure 13), the operation of each inverter in the cluster of the PV systems can be optimally selected in such a way that 1) an overall constant power production is achieved, 2) the total energy production is not reduced, and 3) the lCoe is minimized. 
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